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ABSTRACT 
 
The Arctic climate system is warming faster than in any other part of the world due to 
anthropogenic processes. Products of a warming climate, such as thawing permafrost, flooding, 
and increases in precipitation can have a negative impact on the Arctic region. In this study, we 
compared contemporary and future climates over Alaska using six Global Climate Models 
(GCMs) from the Coupled Model Intercomparison Project (CMIP5) in order to analyze the 
evolution of physical processes that produce widespread extreme precipitation events in 
December, January, and February (DJF). We defined a widespread extreme precipitation event as 
those at or above the 99.9th percentile of all events and covering 11 or more 1o x 1o grid boxes 
simultaneously. We compared the contemporary composites to the future composites to 
understand how the atmospheric conditions associated with widespread extreme precipitation 
events evolve with a changing climate. The circulation patterns of the future climate remained 
similar to that of the contemporary climate, with a trough stationed over the region and a low 
pressure located over the Aleutian Island area. Temperature increased from the contemporary 
climate to future climate, causing the 500-hPa heights, saturation vapor pressure, and specific 
humidity to increase as well. Moist air from the Gulf of Alaska is advected into the area and 
topographically forced up the coastal mountain ranges, providing the necessary lift for widespread 
extreme precipitation events. This topographical forcing, combined with an increase in moisture, 
results in higher-intensity widespread extreme precipitation events in the future. 
 
1. Introduction  
A warming climate can lead to a 
change in intensity, frequency, and location 
of different weather events around the world. 
In the Arctic, the climate is warming faster 
than the rest of the world (Collins and Knutti 
2013). This can have negative effects for high 
latitude regions, including Alaska, not only in 
the present day, but in the future as well. 
Larsen et al., 2008 showed that through 2080, 
climate change would cost the state of Alaska 
$7.6 billion. 
1.1 Projected Changes in Climate 
Temperature change will occur at a 
different rate in Alaska than other parts of the 
world. By the end of the 21st century, the 
globally averaged temperature change over 
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land is expected (with very high confidence) 
to be 1.4-1.7 times the average temperature 
changes over areas of ocean (Collins and 
Knutti 2013). The Arctic is expected to warm 
most of all these regions. In terms of the 
annual average temperature, the Coupled 
Model Intercomparison Project models show 
that the mean warming for the Arctic region 
is projected to be from 2.2 to 2.4 times that of 
the global average warming for the period of 
2081-2100 compared to 1986-2005 (Collins 
and Knutti 2013). In a study done by Holland 
and Bitz (2013), it was also found that there 
is a significant correlation between sea ice 
extent and the location of maximum 
warming. 
For studies of high latitude climate 
change and its effects, Global Climate 
Models (GCMs) can be used to simulate how 
future weather patterns evolve with a 
changing climate. The Coupled Model 
Intercomparison Project (CMIP5) has made 
data available from multiple GCMs in hopes 
to further our understanding in climate 
change (Taylor et al 2012). These simulations 
use Representative Concentration Pathways 
(RCPs), which are different emissions 
scenarios through 2100. There are four RCPs: 
RCP 8.5, RCP 6.0, RCP 4.5, and RCP 2.6. Of 
these scenarios, RCP 8.5 is the highest 
emission scenario, and RCP 2.6 is the lowest 
(van Vuuren et al 2011).These GCM 
simulations can be used to study the 
evolution of extreme precipitation events as 
well, as has been done in other studies 
(Bennett and Walsh 2013; Kawazoe and 
Gutowski Jr 2013). 
 
 
1.2 Impacts of Climate Change on Alaska  
Climate change is already having 
negative effects in Alaska such as thawing 
permafrost, coastal erosion, and flooding 
(Larsen et al. 2008). These negative effects 
are expected to continue into the future as 
well. 
Larsen et al. (2008) focused on how 
climate change could affect Alaska’s 
infrastructure in regard to these three 
negative effects. Data was used from three 
Atmosphere-Ocean General Circulation 
Models (AOGCMs), using the 
Intergovernmental Panel on Climate 
Change’s A1B scenario. The A1B scenario 
assumes that the technological 
development/improvement of each type of 
energy source occurs at a similar rate, and 
that no single energy source is excessively 
relied on. The results of this study were that 
climate change could increase the costs for 
Alaska’s public infrastructure by 10-12% 
from now until 2080 (Larsen et al. 2008). 
As seen from Larsen et al. 2008, 
climate change can cause a lot of damage. 
Extreme events cause a significant amount of 
damage in the current climate. With a 
warming climate, extreme events may have 
the potential to cause even more damage in 
the future. 
1.3 Widespread Extreme Precipitation 
Events 
The criteria for a precipitation event 
to be considered extreme can differ from 
study to study. For example, a study using 
GCMs (Bennett and Walsh 2013) defined an 
extreme event as being the highest 1% of all 
daily precipitation events, while another 
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study using GCMs (Kawazoe and Gutowski 
2013) defined an extreme event to be in the 
top .5% of all precipitation events.  An 
extreme precipitation event is defined by the 
amount of precipitation, not by the area it 
covers, and can occur on one grid point or 
many. However, for an extreme precipitation 
event to be considered widespread, it must 
occur over a certain number of grid points, or 
in the case of GCMs, grid cells. This 
definition of widespread can vary from study 
to study, as well as model to model (due to 
resolution). For example, one study using 
RCMs (which tend to have a higher 
resolution than GCMs) considered an event 
to be widespread if it was over 25 or more 
model grid points (Glisan and Gutowski 
2014), while another study using GCMs 
defined a widespread event to be one that 
occurs over 15 or more .5o grid points 
(Kawazoe and Gutowski 2013).  
 These Widespread precipitation 
events can occur any time of the year. 
However, the cause of widespread extreme 
precipitation events in Alaska varies from 
season to season, with mesoscale processes 
being the dominant mechanism in the 
summer, and synoptic processes in the winter 
(Glisan et al. 2016). Synoptic flow in the 
region is affected by two semi-permanent 
circulations. These circulations are the 
Beaufort High and the Aleutian Low. Certain 
interactions between these two circulations 
can make conditions favorable for 
widespread extreme precipitation events by 
directing flow into Alaskan mountain ranges. 
A study by Bennet and Walsh (2014) using 
20 GCMs found that by 2080, maximum 
consecutive 5 day precipitation totals are 
expected to increase in Alaska. 
 Since precipitation extremes have the 
potential to cause damage, it is important to 
understand extreme events and how they 
change with a warming climate. This study 
analyzes the evolution of physical processes 
that produce widespread extreme 
precipitation events over the Alaska region in 
December, January, and February by looking 
at the changes in precipitation, 500 hPa 
heights, sea level pressure, near-surface 
temperature, near-surface specific humidity, 
and 500 hPa vertical motion. 
2. Experimental Methods 
2.1 Data 
The data used in this project was 
taken from the CMIP5 project and includes 
model output from six Global Climate 
Models. These models are: ACCESS1-0, 
HadGEM2-CC, HadGEM2-ES, MIROC-
ESM, MIROC-ESM-CHEM, and MPI-ESM-
LR. For each model, the data obtained was 
from the RCP8.5 scenario, and was taken 
from the months of DJF for two time periods:  
1986-2005 (contemporary) and 2081-2100 
(future). From this data, the fields analyzed 
were daily precipitation totals, 500 hPa 
heights, sea level pressure, near-surface 
temperature, near-surface specific humidity, 
and 500 hPa vertical motion. It should be 
noted that while most analysis was done for 
all six models, CMIP5 data was not available 
for every model for some fields (Table 1).  Table 1: Available variables for each of the GCMs. 
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2.2 Model Resolution 
The six GCMs used in this study have 
a range of different resolutions (Table 2). 
These resolutions are defined by a grid box of 
degrees latitude by degrees longitude.  
 
2.3 Widespread Extreme Precipitation 
Events 
The region of interest in this study 
was Alaska (Figure 1).  
 
Figure 1: The area within the black 
square is the area analyzed in this study. 
For the two time periods for each model, all 
the precipitation events greater than 2.5mm 
that occurred in this region were considered. 
For each dataset, the 99.9th percentile of 
events were extracted and these were 
considered to be the precipitation extremes. 
For these extreme events, the number of grid 
boxes they occurred over in a given day was 
counted. Seeing as the resolution of GCMs 
varies by model, the size of each GCM’s 
native grid box was converted into equivalent 
1o x 1o grid boxes to establish a standard unit 
of measurement (1o x 1o grid boxes) for use 
across all models. For example, a 
1.85o_x_1.88o grid box of the MPI-ESM-LR 
has an area equivalent to that of (1.85o/1o) x 
(1.88o/1o) = 3.478 (1o x 1o) grid boxes. For 
the amount of 1o x 1o grid boxes contained in 
a native grid box of the other five GCMs, see 
Table 2. In this study, a widespread event was 
defined as an event which occurs over 11 or 
more 1o x 1o grid boxes simultaneously.  
For each period and model, frequency 
versus intensity plots were created using the 
data from every precipitation event with 
magnitudes greater than 2.5mm. The extreme 
precipitation events were then extracted to 
create simultaneity plots, which compare the 
size of an extreme event (in number of grid 
boxes) to how frequently events of that size 
occur. The days on which daily widespread 
extreme precipitation events occurred were 
then averaged together by field to show the 
average circulation patterns during the days 
these events occur. The fields analyzed were 
precipitation, 500hPa heights, sea level 
pressure, 2m temperature, near-surface 
specific humidity, and 500hPa vertical 
motion. For each of these fields, the 
composites for 1986-2005 and 2081-2100 
were compared and anomaly plots were 
created to see how this setup evolves over 
time. 
 
Model Resolution 
Nominal 
Area 
ACCESS1-0 1.25o x 1.875o (2.35o)2 
HadGEM2-CC 1.25o x 1.875o (2.35o)2 
HadGEM2-ES 1.25o x 1.875o (2.35o)2 
MIROC-ESM 2.7906o x 2.8125o (7.839o)2 
MIROC-ESM-CHEM 2.7906o x 2.8125o (7.839o)2 
MPI-ESM-LR 1.8653o x 1.875o (3.478o)2 
Table 2: The resolution of each model used in this 
study, as well as its nominal area. 
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3.  Results and Discussion 
3.1 Frequency vs Intensity Plots 
For both the contemporary climate and the 
future climate, lower-intensity events 
(≤15mm/day) are simulated with a similar 
frequency (Figure 2).  
The future climate, however, produces larger 
events (>15mm/day) more frequently than 
the contemporary climate. 
3.2 Simultaneity Plots 
Precipitation events that occurred at 
or above the 99.9th percentile of all events for  
 
 
Figure 2: The frequency versus intensity of all precipitation events for the contemporary climate 
(top) and the future climate (bottom). The horizontal axis represents the intensity of the event (in 
mm/day), while the vertical axis represents the frequency of events (in %) on a logarithmic scale. 
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each period are plotted in Figure 3. These 
plots showed that the future climate produced 
more total extreme events of 10 or less 1o x 
1o grid boxes than the contemporary climate 
did (120 more events than contemporary). 
The future climate also saw 55 more 
widespread extreme events (events equal to 
or larger than 11 1o x 1o grid boxes) than the 
contemporary climate did. 
 
 
Figure 3: The amount of times each model simulated extreme precipitation events of a certain size 
(measured in 1o x 1o grid boxes) for both the contemporary time period (top) and the future time 
period (bottom). 
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3.3 Precipitation Composites and Anomalies 
 There are notable changes between 
the two periods (Figure 4). In the future 
climate, more precipitation occurs over a 
greater area along the coast of the Gulf of 
Alaska than in the contemporary time period. 
Along with this, an increase in intensity of 
these events was also observed. The greatest 
increases of intensity (from contemporary to 
future climate) were along the coast of the 
Gulf of Alaska (Figure 5).  
 
 
Figure continued on next page… 
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This increase in both intensity as well 
as spatial scale of precipitation events is most 
likely due to the increase in temperature from 
the contemporary period to the future. Higher 
temperatures allow more moisture to be held 
in the atmosphere in the future climate. This 
increase in moisture, as well as a low pressure 
(located over the Aleutian Islands) advecting  
 
Figure 4: Precipitation composites (in mm/day) simulated by each model for the contemporary climate 
(left) and the future climate (right). 
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moisture from the Gulf of Alaska, leads to 
more precipitation during widespread 
extreme precipitation events. This advected 
moisture is then topographically forced by 
the coastal ranges where it then precipitates 
out, producing extreme events. 
 
Figure 5: The change in the amount of precipitation (in mm/day) on days of widespread extreme 
precipitation events from contemporary climate to future climate. Blue indicates an increase in 
precipitation, while red indicates a decrease. 
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3.4 500 hPa Heights  
 The 500 hPa height composites 
(Figure 6) for all models show a trough 
situated over Alaska for both the 
contemporary and future climates. 500 hPa 
heights are higher in the future climate, as to 
be expected with an increase in temperature. 
The area of the most intense precipitation is 
located near the leading edge of this trough, 
which is co-located with anomalies of 
increased upward motion at 500 hPa. 
 
Figure continued on next page… 
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Figure 6: 500 hPa height composites (in gpm) for the contemporary climate (left) and the future 
climate (right). 
MIROC-ESM-CHEM 
MPI-ESM-LR 
HadGEM2-ES HadGEM2-ES 
MIROC-ESM-CHEM 
MPI-ESM-LR 
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3.5 Sea Level Pressure 
The sea level pressure was also 
composited for both contemporary and future 
climates (Appendix 1). These plots show that 
there is a low pressure system in the area for 
both the contemporary and future climates. 
This low pressure advects warm, moist air 
from the Gulf of Alaska into the coastal 
ranges, producing topographically forced 
precipitation. It should be noted, that in the 
contemporary climate, this low pressure is 
located in the Gulf of Alaska in most models, 
whereas in the future climate it is located 
slightly upstream, near the Aleutian Islands. 
3.6 Temperature Composites and Anomalies  
There is an increase in temperature 
from contemporary to future climate across 
the entire Alaska region (Figure 7). This 
increase in temperature will allow for more 
water vapor in the future climate. The 
temperature and specific humidity anomalies 
at different levels (not shown) also support 
this result. 
3.5 Specific Humidity Composites and 
Anomalies 
 Each model showed an increase in 
specific humidity across the entire region 
(Figure 8). It can be seen that for both 
climates, the largest values of specific 
humidity are located just south of the Alaska 
Range (Appendix 3), and co-located with the 
regions in which the widespread extremes are 
occurring.  
 This region-wide increase in specific 
humidity is related to an increase in 
saturation vapor pressure. Saturation vapor 
pressure is indicative of the maximum 
amount of moisture that can be held by the 
atmosphere, and is related to temperature 
through the Clausius-Clapeyron equation: 
 
 
 
From this equation, it is evident that 
saturation vapor pressure solely depends on 
temperature. Thus, the region-wide increase 
in temperature should lead to increased 
specific humidity. 
3.7 500 hPa Vertical Motion 
 The vertical motion anomaly plots 
(Appendix 4) show that two of the three 
available models showed a slight increase in 
500 hPa vertical motion where widespread 
extremes are occurring along the coast of the 
Gulf of Alaska. One of the three models 
showed a decrease in vertical motion in this 
area. However it is worth noting that, 
although the ACCESS1-0 showed a decrease 
in vertical motion from the contemporary 
climate to the future climate, none of the 
models showed downward motion in this 
area (Appendix 5).  
4. Conclusions 
 The future climate saw an increase in 
both intensity and spatial scale of widespread 
extreme precipitation events from the 
contemporary climate for the months of 
December, January, and February. On days 
that widespread extreme precipitation events 
occur, both the contemporary and future 
climate share a similar circulation pattern, 
with a trough stationed over the area and a 
low pressure over the Aleutian Island region.  
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Figure 7: The change in temperature (in oC) over the region from contemporary to future climate. Red 
indicates an increase in temperature, while blue indicates a decrease. 
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 500 hPa heights were higher in the future 
climate as well. Through examination of the 
Clausius-Clapeyron equation, it was found 
that saturation vapor pressure is solely 
dependent on temperature. Thus, as 
temperature increased from the 
contemporary to future climate, saturation 
vapor pressure and specific humidity 
increased as well. The lift for widespread 
extreme precipitation events is not caused by 
convective processes, but instead by 
topographical forcing due to the low pressure 
features interacting with the Kenai 
Mountains and the Chugach Mountains. This 
topographical forcing combined with the 
increased amount of moisture due to 
increases in saturation vapor pressure and 
specific humidity is why we see higher-
intensity widespread extreme precipitation 
events in the future climate than in the 
contemporary climate. 
 
Figure 8: The change in near-surface specific humidity (in kg/kg) from contemporary to future climate. Blue 
represents an increase, while red represents a decrease. 
HadGEM2-ES HadGEM2-CC - S 
MIROC-ESM MIROC-ESM-CHEM 
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Appendix 1: Sea level pressure composites (in hPa) for the contemporary climate (previous page) and the future 
climate (current page). 
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Appendix 2: Near-surface specific humidity composites (in kg/kg) for both contemporary (top 
four) and future (bottom four) climates. 
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Appendix 3: The difference in 500 hPa vertical motion from the contemporary climate to the future climate (in 
Pa/s). Red represents an increase in vertical motion, while blue represents a decrease. 
ACCESS1-0 MIROC-ESM-CHEM 
MPI-ESM-LR 
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Appendix 4: 500 hPa vertical motion composites for both contemporary (left) and future (right) climates. 
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